Studies of relationships between physical activity and children's attention skills are often constrained by small samples, lack of objective measurements and lack of control for confounders. The present study explores the relationship using objective measures of physical activity from a large birth cohort which permits both longitudinal and cross-sectional analyses. Data from 4755 participants (45% male) with valid measurement of physical activity (total volume and intensity) by accelerometry at age 11 from the Avon Longitudinal Study of Parents and Children (UK) were analysed. Attention was evaluated by the Test of Everyday Attention for Children (TEA-Ch) at 11 years and by the Cognitive Drug Research (CDR) computerised cognitive assessment system at 13 years. Males engaged in an average of 29 min (SD 17) of daily moderate-to-vigorous physical activity (MVPA) at age 11 years compared with 18 min (SD 12) among females. In unadjusted models, higher total volume of physical activity was associated with lower performance across attention tasks. When total volume of physical activity and potential confounding variables were controlled for, higher MVPA was associated with better performance at both 11 and 13 years. Correction for regression dilution approximately doubled the standardised b coefficients. We observed complex associations but results suggest that MVPA may be beneficial for attention processes in adolescence, especially in males. This has implications for interventions aimed at improving executive attention but may also be supportive of the benefits of physical activity for educational and mental health outcomes.
Associations between executive attention and objectively measured physical activity in adolescence: Findings from ALSPAC, a UK cohort has pointed to two distinct but related aspects: selective/sustained attention and executive attention (i.e. attentional shifting) (Steele et al., 2012) . A full review of the current controversies is beyond the scope of this paper, however a growing body of research points to the wide reaching importance of executive functions, even with the differing terminologies. For example, a strong relationship has been identified between executive function performance and cognitive reserve in older adults (Roldán-Tapia, García, Cánovas, & León, 2012) and these two closely related constructs of attention and executive function have been implicated in children's mental health (Micco et al., 2009 ) and in many areas of children's learning (Bull & Scerif, 2001; Christopher et al., 2012; St Clair-Thompson & Gathercole, 2006) with deficiencies identified across a number of developmental difficulties, for example, reading difficulties, ADHD and Autism (c.f. Willcutt, Sonuga-Barke, Nigg, & Sergeant, 2008 , for a review). A recent review concluded that making any substantial change to executive function through traditional training programmes is extremely difficult though (Wass, Scerif, & Johnson, 2012) . Physical activity interventions, however, have been suggested to be the most promising, in adults at least (Hertzog, Kramer, Wilson, & Lindenberger, 2008) . Therefore evidence suggesting whether physical activity can lead to improvements in these areas is of particular importance, especially in young populations where executive functions are still developing (c.f. Diamond, 2012) .
Randomised controlled trials have found that increases in moderate to vigorous intensity PA in particular can lead to improvements in certain aspects of executive function in young children (Fisher et al., 2011) and children who are overweight, with evidence for a dose response effect (Davis et al., 2011) . Indeed a recent review suggested that the greatest benefits of physical activity for children have been found for working memory, selective attention and inhibition tasks (Guiney & Machado, 2013) . However, studies are often constrained by cross-sectional designs, small samples, lack of objective measurement of physical activity, and failure to control for confounders (Biddle & Asare, 2011; Etnier & Chang, 2009; Tomporowski et al., 2012) and so further work aimed at addressing these issues is required, with a particular need for longitudinal studies which can assess the effects of PA over time.
If higher levels of habitual PA can lead to improvements in attention, including executive attention, this would have implications for improvements in academic attainment and potentially inform interventions for those with less efficient executive functions (e.g. those with developmental or psychological difficulties). In addition there are also implications for mental health given the evidence which suggests executive functions are an important factor in young people (e.g. Micco et al., 2009 ). The present study therefore aims to explore whether objectively measured physical activity at 11 years old is associated with attention and executive function cross-sectionally and longitudinally.
Method

Study cohort
The sample comprised participants from the Avon Longitudinal Study of Parents and Children (Golding, Pembrey, Jones, & ALSPAC, 2001) . ALSPAC is an on-going population-based study investigating influences on health and development of children. Ethical approval for the study was obtained from the ALSPAC Law and Ethics Committee and the Local Research Ethics Committees. The phases of enrolment are described in detail in Supplementary material and in the cohort profile paper. Pregnant women resident in the former Avon Health Authority in south-west England, having an estimated date of delivery between 1/4/91 and 31/12/92 were invited to take part, resulting in a cohort of 14,541 pregnancies and 13,988 children alive at 12 months. When the oldest children were aged 7 years, an attempt was made to increase the size of the initial sample with eligible cases that did not join the cohort at the outset. The phases of enrolment are described in more detail in the cohort profile paper (Boyd et al., 2012) .
Study design and procedures
The present study investigates associations between objectively measured total volume of PA and moderateevigorous intensity PA (MVPA) at an ALSPAC research clinic attended at age 11 years, and attention and executive attention at ages 11 and 13.
1.3. Exposure, outcome measures and covariates
Physical activity measurement
The Actigraph AM 7164 2.2 accelerometer (Fort Walton Beach, Florida) objectively measures free-living PA. The Actigraph has acceptable reliability, high criterion validity, and low reactivity for measurement of physical activity in adolescents (DeVries et al., 2009 ) and provides greater power to detect associations than measurement which is not objective (Janz, 2006; Reilly et al., 2008) . The Actigraph used is described in detail elsewhere Ness et al., 2007) with participants requested to wear the accelerometer for 7 consecutive days during waking hours. A monitoring period of at least 3 days and 10 h of wear time per day was required (Mattocks et al., 2007a; Penpraze et al., 2006) with strings of consecutive zero's lasting ten minutes or more removed to account for non-wear time. In order to quantify MVPA from accelerometry output we applied the cut-point of 3600 cpm derived from the validation and calibration study conducted in a sub-sample of ALSPAC participants at 11 years (Mattocks et al., 2007b ).
Attention and executive attention tasks
The outcome measures for the present analyses were from the Test of Everyday Attention for Children (TEA-Ch) (Manly, Robertson, Anderson, & Nimmo-Smith, 1998) at 11 years and the Cognitive Drug Research (CDR) computerised cognitive assessment system (United BioSource Corporation) at 13 years (c.f. Wesnes, 2008) . Three tasks were selected from the TEA-Ch, each found to load on a different aspect of attention in factor analytic studies: the Sky search task; the sky search dual task; and the opposite-worlds task. The Sky search task has been found to load on selective attention factors in previous research (e.g. Manly et al., 2001) . Participants are required to identify pairs of identical "spacecraft" from a page of visually similar stimuli whilst ignoring all distracting stimuli and to circle each pair of identical spaceships. Twenty pairs of spacecraft were identical from 49 displayed. Time and accuracy were recorded and a motor control condition was also performed. An age-corrected normative score was calculated based on the manual instructions, which was also adjusted for motor control. The sky search dual task has been found to load on sustained attention factors (Manly et al., 2001 ) and followed the same procedure as the sky search task but with the addition of simultaneously presented auditory stimuli which participants had to count whilst performing the sky search task. Normative scores based on time and errors were calculated. In previous research (Manly et al., 2001 ) the opposite-worlds task has loaded on a factor which was labelled attentional control/switching. It involves two conditions: in the first, participants followed digits (1 and 2 only) printed on a hand out stating the number out loud; in the second condition, participants had to inhibit the prepotent response and this time state "one" when presented with the digit 2, and "two" when presented with the digit 1. Errors resulted in a time penalty and normative scores were calculated based on this.
At 13 years old, three tasks from the attentional component of the CDR were administered. For the simple reaction time task, the word "yes" was presented thirty times in the middle of a computer screen with varying inter-stimulus intervals and participants had to press a corresponding button whenever it was displayed. For the choice reaction time task, thirty trials were completed where participants were presented with either the word "yes" or the word "no" displayed on a computer screen. The choice of word was selected randomly and there was equal probability of the stimulus being "yes" or "no" with varying inter-stimulus interval. Participants had to respond by pressing the correct corresponding button, inhibiting the prepotent response and attending to the stimuli. In the digit vigilance task, participants were presented with a digit in the middle of the screen which remained constant, and a second digit on the left hand side of the screen which changed at a rate of 150 per minute. When the digits matched, the participant had to press a response button. There were 45 targets. Participants had to inhibit responding when the digits did not match and focus attention on the correct stimuli. Score was based on reaction time and errors.
Confounders
A series of potential confounders previously identified in the literature as being associated with either physical activity, executive function/attention or both were included in the analyses: age; birth weight; gestation; age of mother at delivery; mother's oily fish intake during pregnancy as assessed by questionnaire at 32 weeks gestation; maternal smoking in the first three months of pregnancy; weight status, expressed as a BMI Z score relative to UK 1990 reference data; pubertal status based on Tanner pubic hair stage for males (stage I [least advanced] to V [most advanced]) and menarche status for females evaluated at age of outcome Tanner, 1986; Wiles, Haase, Lawlor, Ness, & Lewis, 2011) ; ethnicity; socio-economic status based on maternal educational attainment (none/CSE to University degree) and occupational social class as classified by the OPCS in 1991 (classes I [professional/ managerial] to V [unskilled manual workers]) (OPCS., 1991).
Inclusions and exclusions
The following criteria were used to exclude participants based on potential confounding of executive function performance: a psychiatric diagnosis based on the Development and Well-being Assessment (DAWBA) (Goodman, Ford, Richards, Gatward, & Meltzer, 2000) which provides information to make a DSM-IV (APA, 2000) clinical diagnosis (Ford, Goodman, & Meltzer, 2003) ; participants with a Statement of Educational Needs as reported by school or parents; participants with Total Difficulties scores of 16 and greater on the teacher-completed version of the Strengths and Difficulties Questionnaire (Goodman, 1997) at age 11.
Statistical analyses
Three PA variables were calculated which were all adjusted for accelerometer wear time: the total volume of PA as measured in accelerometer counts-per-minute (cpm) made up largely of light intensity PA, average daily number of minutes spent in MVPA and also the percentage of time spent in MVPA.
1 Age-corrected normative scores were employed for tasks from the TEA-Ch. Normative scores were not available for the CDR task scores but following a procedure for analysing these tasks identified in previous literature (Wesnes, 2008) , raw scores were subject to a factor analysis. Two separate factors were identified: a reaction speed factor with the simple reaction time, digit vigilance speed and the choice reaction time speed loaded onto it; and an accuracy factor which had the digit vigilance targets detected, digit vigilance false alarms and choice reaction time accuracy loaded on it. These factors have previously been identified for the CDR system (Wesnes, 2008; Wesnes, Ward, McGinty, & Petrini, 2000) and factor scores were employed for all further analysis. Associations between PA (all variables adjusted for wear time) and attention tasks were assessed using multiple linear regression. The interaction between gender and PA was formally tested. As evidence suggested interaction effects (p-values < 0.05), all analyses were conducted separately for males and females.
A series of models were used to explore the impact of confounding variables following previous reports of ALSPAC accelerometry. Model 1 (minimally adjusted model) was adjusted for age of participants. Model 2 adjusted for the potential confounders in model 1, plus birth weight and gestation. In model 3, the variables included in model 2 were adjusted for, together with age of mother at delivery, mother's oily fish intake and whether the mother of participants smoked in the first three months of pregnancy. Model 4 adjusted for potential confounding variables in model 3 plus the inclusion of BMI Z score relative to UK 1990 reference data and pubertal stage of participant (recorded at time of outcome). The final model (model 5) adjusted for all confounders in model 4 plus ethnicity, maternal educational attainment and occupational social class.
Models 1e5 were fit separately for total volume of PA (accelerometer cpm), MVPA and percentage of time spent in MVPA and then refit with both total volume of PA and percentage of time spent in MVPA entered simultaneously. This allows conclusions regarding the impact of percentage of time in MVPA, that is, the intensity of PA, to be drawn independently of the total volume of PA and sedentary time (Wiles et al., 2011) . As the PA guidelines and previous research highlight the importance of MVPA, the present study shows results for the percentage of time spent in MVPA, with total volume included as a control variable. For ease of interpretation, only results for models 1 (minimally adjusted) and 5 (fully adjusted) are presented in tables with coefficients for each separate model presented in Supplementary material. To assess whether changes in effect sizes identified in models 2e5 were biased by missing data, model 1 was repeated for only those participants who had complete data in model 5 (complete confounder information).
The intra-class correlation coefficient (ICC) was used to make adjustment for regression dilution (Mattocks et al., 2007a) . SPSS v19 was used for all analyses.
Results
Characteristics of study participants
Of the 11,952 ALSPAC participants invited to attend the 11-year clinic, 60% attended, 93% of those who attended agreed to wear an Actigraph, and 85% of those, provided valid activity data Mattocks et al., 2008; Ness et al., 2007) . Data from 4755 participants (2128 males and 2627 females) remained for analyses following the application of all exclusion criteria; Table 1 provides the characteristics of these participants. As reported elsewhere Mattocks et al., 2008; Ness et al., 2007) , small differences were found when comparisons of characteristics were made between children who attended the clinic and those who did not. This was also the case when those who provided valid accelerometer data were compared to those who did not Mattocks et al., 2008; Ness et al., 2007) .
Daily number of minutes of MVPA for males was 29 (SD ¼ 17) and for females was 18 (SD ¼ 12) and the percentage of time spent in MVPA was 8% (SD ¼ 4) for males and 5% (SD ¼ 3) for females. The correlation between accelerometer cpm and percentage of time spent in MVPA was 0.73 for males and 0.68 for females. Descriptive statistics for attention tasks at age 11 and 13 are presented in Table 2 . Similar scores were obtained for males and females for all tasks. For normative scores at age 11, females performed slightly better than males. However at age 13, while girls had marginally better accuracy on tasks, the reaction time of boys was quicker.
Associations with EF at 11
The associations between PA at 11 and attention/executive attention were assessed with linear regression analyses with results shown in Tables 3 and 4 . For males, when entered separately, total volume of physical activity (accelerometer cpm) predicted decreased performance on the sky search task; however the percentage of time spent in MVPA predicted increased performance. This pattern continued when total volume of PA (accelerometer cpm) and percentage of time spent in MVPA were entered simultaneously, even after adjusting for confounders. Higher intensity PA was associated with better performance when the total volume of PA was controlled for. The same pattern of associations was found for the dual and the opposite-worlds tasks, and while the associations were not as great for the dual task, they were of a similar magnitude for the opposite-worlds task.
Similar associations were observed for females, with total volume of PA predicting lower performance on all tasks but percentage of time spent in MVPA predicting higher normative scores. While the betas were small in magnitude for the sky search and dual task, they were greater for the opposite-worlds task and remained after controlling for confounders. Thus when total volume of PA was controlled for, the percentage of time spent in MVPA predicted greater performance on the opposite-worlds task.
Associations with EF at 13
Factor scores were used to examine the associations between physical activity at age 11 and attention/executive attention at age 13, with the beta coefficients shown in Table 5 . Factor 1 represented response speed for the attention tasks 2 and for males it was found that total volume of PA (accelerometer cpm) predicted an increase (i.e. participants took longer to respond) whereas MVPA predicted a decrease in factor score suggesting it was predictive of improved performance. This continued after controlling for confounders and when taking account of the total volume of PA. Factor 2 represents accuracy on the CDR tasks. 3 Total volume of PA (accelerometer cpm) predicted decreased factor score (i.e. less accurate performance) and MVPA predicted higher accuracy for males. In the fully adjusted model this continued to be the case, with the magnitude of the beta attenuating slightly with the inclusion of all confounders. Therefore MVPA was predictive of improved performance across both factors. An additional adjustment was made to the models in order to take into account MVPA at age 13. 4 The magnitude of the betas for factor 1 were somewhat attenuated and percentage of time spent in MVPA was no longer a robust predictor of CDR response speed (b ¼ À0.085, p ¼ 0.193). However for factor 2, while controlling for MVPA at age 13 attenuated the beta slightly, percentage of time spent in MVPA at age 11 continued to predicted improved accuracy
A similar pattern of results was found for females for factor 1.
5
Total volume of PA (accelerometer cpm) predicted longer response times whereas MVPA, and percentage of time spent in MVPA, predicted decreased response time (i.e. improved performance). This continued in the fully adjusted models. While a similar pattern of results was found for the accuracy factor, 6 the magnitude of the resulting beta coefficients was small with broad confidence intervals suggesting less robust effects for this factor for females. Further analyses which controlled for MVPA at age 13 resulted in further attenuation of the betas.
To control for bias due to missing data, for each association model 1 was repeated for participants who had complete data at model 5. The resulting regression coefficients were slightly larger than when all available data were included indicating no significant bias (see Supplementary material).
When the standardised regression coefficients for associations with executive function at 13 in the fully adjusted models were corrected for regression-dilution, they decreased from À0.11 to À0.24 for males for factor 1 (speed), and from 0.16 to 0.36 for Note: Tables include standardised beta coefficients (b) and 95% confidence intervals for physical activity variables predicting executive function task performance. The minimally adjusted model (Model 1) adjusts for age of participants; the fully adjusted model (model 5) adjusts for age plus birth weight, gestation, age of mother at delivery, mother's oily fish intake, whether the mother of participants smoked in the first three months of pregnancy, BMI Z score relative to UK 1990 reference data, pubertal stage of participant (recorded at time of outcome), ethnicity, maternal educational attainment and occupational social class. Note: Tables include standardised beta coefficients (b) and 95% confidence intervals for physical activity variables predicting executive function task performance. The minimally adjusted model (Model 1) adjusts for age of participants; the fully adjusted model (model 5) adjusts for age plus birth weight, gestation, age of mother at delivery, mother's oily fish intake, whether the mother of participants smoked in the first three months of pregnancy, BMI Z score relative to UK 1990 reference data, pubertal stage of participant (recorded at time of outcome), ethnicity, maternal educational attainment and occupational social class.
2 For males, the correlation between the EF tasks administered at age 11 and Factor 1 of the CDR was: sky search r ¼ À0.15, p < 0.001; dual task r ¼ À0.12, p < 0. 001; opposite worlds r ¼ À0.28, p < 0.001. 3 For males, the correlation between the EF tasks administered at age 11 and Factor 2 of the CDR was: sky search r ¼ 0.01 p > 0.05; dual task r ¼ 0.08 p < 0.05; opposite worlds r ¼ 0.06, p < 0.05. 4 Correlation between MVPA at age 11 and MVPA at age 13 ¼ 0.39 (p < 0.001) in males and 0.34 (p < 0.001) in females.
5 For females, the correlation between the EF tasks administered at age 11 and Factor 1 of the CDR was: sky search r ¼ À0.20 p < 0.001; dual task r ¼ À0.07 p < 0. 05; opposite worlds r ¼ À0.16, p < 0.001. 6 For females, the correlation between the EF tasks administered at age 11 and Factor 2 of the CDR was: sky search r ¼ 0.05 p < 0.05; dual task r ¼ 0.16 p < 0.001; opposite worlds r ¼ 0.11, p < 0.001.
factor 2 (accuracy). For females for factor 1, the coefficient decreased from À0.06 to À0.14.
Discussion
Main findings and study implications
The present study aimed to explore whether objectively measured physical activity at 11 years old, in particular MVPA, is associated with attention and executive function and to address a number of limitations in the literature by employing a unique longitudinal approach. We observed a complex pattern of associations. While total volume of PA, comprised mostly of light intensity activity, predicted lower performance on tasks at both 11 and 13 years, our findings support the hypothesis that higher MVPA was associated with better executive function performance in adolescent males, with results less convincing for females. Results were not uniform across all tasks administered, suggesting that there may be selective benefits of PA. The finding that total volume of PA (mostly light intensity PA) led to lower predicted executive function performance was unexpected and the reasons for this are unclear from the present study. However, the finding that the intensity of physical activity is important over time, i.e. a beneficial impact of MVPA for some tasks, is of particular importance and is consistent with the emerging body of evidence from intervention studies with children and obese adolescents which suggests that increases in MVPA can lead to improvements in executive function, with evidence for a dose response effect (Davis et al., 2007 (Davis et al., , 2011 Fisher et al., 2011) . Previous literature suffers from a number of limitations, such as a lack of longitudinal studies, small sample sizes, reliance on subjective measures of physical activity and failure to control for confounders. Our study addresses these limitations with a unique longitudinal design and highlights that the intensity of physical activity is an important factor. The findings contribute to recent conclusions suggesting that physical activity is beneficial for some aspects of executive function (Guiney & Machado, 2013) however research which includes a wider array of tasks of executive function is also required. Furthermore, these findings make a promising contribution to the literature investigating interventions to improve executive functions (Wass et al., 2012) .
The present results demonstrate the benefits from relatively small increases in MVPA. However, while the effect sizes for the observed associations are modest, it should be noted that levels of objectively-measured free-living MVPA were considerably lower than the recommended level in evidence-based guidelines of 60 min per day, similar to other studies of adolescents in the western world (Ekelund et al., 2012) . In boys, a two standard deviation increase in MVPA would have been required in order to reach the recommended 60 min/day and a three standard deviation increase would have been required for girls. Measurement error correction (Mattocks et al., 2007a) approximately doubled standardised beta coefficients and a two SD increase in MVPA at 11 years (to reach an average of 60 min/day in the boys) would translate to predicted increases in executive attention at 13 years of 0.72 SD, for example. This is, however, speculative.
Study strengths and limitations
This present study has a number of strengths: longitudinal design; large sample size; the broadly socio-economically representative nature of the sample; the objective measurement of the physical activity; adjustment for a range of confounders which address a number of limitations in the current literature. Associations between MVPA and executive function were strongest when the total volume of physical activity was taken into account suggesting that some caution should be taken in interpretation. Additional adjustment to control for type I error was not made due to considerations concerning the balance between type I and type II error (Feise, 2002) . One limitation of the present study concerns the use of different assessment tasks at ages 11 and 13. This precluded us from assessing whether MVPA was associated with change in executive function performance over time and instead permitted us to assess whether there were long term associations. While the CDR tasks have been used in previous research, they are not age-corrected standardised tasks and the conclusions which can be drawn are arguably not as convincing as the results of the analysis at age 11. Furthermore, the correlations between task performance at age 11 and age 13 were low, which suggests that different executive/attentional processes were assessed at the different time points. However, the fact that a similar pattern of results were found at 11 and 13 with differing tasks suggests that the effects are robust. Research which employs the same tasks and a longitudinal design would be welcomed in the literature.
Accelerometer assessed PA provides a measure of sedentary time, however this was not addressed in the present analyses. An understanding of the relationship between sedentary behaviour and executive function would add greatly to our understanding of these complex relationships however a lack of knowledge of what participants were doing during sedentary time in the present study (e.g. screen time) precludes conclusions from being drawn. Furthermore, accelerometry provides a global measure of PA and does not provide information on specific domains such as sports played. Therefore future work should aim to understand these complex relationships.
Conclusions and implications
Higher levels of free-living moderateevigorous intensity PA had a beneficial association with attention/executive attention task performance in adolescents, in particular for males. A full RCT is required to understand the nature of this relationship more fully. In particular, further research is needed to examine the dose response required to have a benefit on attention and executive function and to investigate which various executive processes may be differentially affected (Guiney & Machado, 2013) . Our findings point to a potentially fruitful avenue of investigation for those who are interested in improving executive function (Diamond & Lee, 2011) . Improved attention may also have benefits which extend beyond the academic, for example, risk taking, reward circuits and classroom behaviour (c.f. Hughes, 2011 for a review). Furthermore as executive function is related to developmental and psychological difficulties in children and adults (Micco et al., 2009) and is also related to the extent to which the brain can stem the effects of ageing (Roldán-Tapia et al., 2012) , findings which suggest improvements in these areas may have wide reaching impact. If causal, these relationships may also add empirical support to strategies aimed at increasing PA levels in adolescents and may provide parents and policy makers with an additional incentive to implement physical activity programmes. This may in the long term also go some way towards addressing the "pandemic of physical activity" which currently exists (Kohl et al., 2012) .
